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1. Introduction 
.Exploratory studies conducted in the United States by the 
Brookhaven National Laboratory (BNL) and the Bureau of Reclamation,. 
and confirmed by extensive studies at Lehigh University and other 
icstitutions, demonstrate remarkable 3 to 4-fold improvements in the 
physical and mechanical properties of concrete by impregnation with a 
monomer such asiMethyl Methacrylate followed by in-situ polymerization. 
I 
Due to these greatly improved strength properties, PIC has found 
special application in highways, airfields, underwater habitats and 
other marine structures. It appears that due to certain inherent quali-
.ties such as negligible creep and reduced weight-to-strength ratio, 
PIC will find extensive use in precast, prefabricated and prestressed 
building elements such as floor panels, beams, columns, and walls . 
Other possible use of PIC in construction will be for lightweight 
aggregate concrete products, building blocks and foundations. 
In this paper an attempt has been made to review concisely 
the mechanical properties of polymer impregnated materials from our work and 
literature available to date. Recent fundamental arid applied research 
. . ·····-·~·---···~-- ---.-....·- -··-·· -- ........ 
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is described and discussed, with emphasis on the potential use of 
polymer impregnation for building constructions, and to yield structural_ 
• 
materials having variable but controlled stress-strain behavior. Thus 
potentially material properties can be tailored to particular structural 
service requirements. 
2. Polymer Imore~nated Concrete (PIC) 
Much information on the structural and durability properties 
-. of PIC has been accumulated over the past .six years in the United 
States [1,2,3,4,5]. Typicalreproduc~ble improvements are summarized 
in Table I [6) and comparison of strength due to different polymers in 
Table II [3] and strength and cost benefit index with other types of 
concrete are shovn in Table III [8]. Much of the information presented 
has appeared in BNL annual reports [1,2,3,4,5] and in research articles, 
which have been appearing more and more frequently in scientific and 
e~gineering journals .. 
In general all the composite systems showed significant 
improvement in strength and durability. The MMA (Methyl Methacrylate) 
and MMA-TMPTMA (Trimetylolpropane Trimethacrylat~ impregnated concrete 
have given the best results (Table II, Figs. 1,2,3). Also the improve-
ment in strength appears to be a function of polymer loading. Improve-
ment in durability appears. to be mainly a function of the polymer 
. \ 
loading and the degree of success in sealing the surface of the concrete. 
A number of preparation variables [1,2,3,18] were investigated including 
concrete composition,- drying temperature, curing time, and the age of 
the test. The age of concrete at impregnation or its initial s~rength 
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does not appear to significantly affect the final strength. 
A series of ten different concrete mixes [4] were produced 
to investigate the effect of concrete mix design on the compressive 
strength and polymer loading of PIC. The controls averaged between 
· 4,220 and 7,280 psi, in compression while the PIC specimens exhibited 
essentially the same strength 21,000 psi± 1800 psi. This work is 
currently being expanded to include a wide range of mix variables to 
optimize product quality and process technology[5]. The impregnation 
of high pressure steam cured concrete with MMA has produced PIC 
specimens with the highest compressive strengths of up to 27,000 psi . 
. .. Similar improvements in tensile strength and modulus of elasticity are 
obtained. The following properties are generally observed for PIC 
material • 
. 1. The normal concrete on failure in compression exhibits a. 
r 
fe\<7 cracks but essentially remains in one piece. However, 
PIC completely shatters on fracture. 
2. The normal concrete shows typical non-linear stress-strain 
behavior from nearly the start of loading, at fracture, the 
stress-strain curve is nearly ~orizontal (Figs. 4,5). The 
PIC sample behaves much differently. The stress-strain curve 
is linear until 75% of the fracture load and at fracture there 
is relatively little deviation from linearity. PIC thus 
. \ behaves essentially elastically which will have an important 
bearing on design criteria. 
3. There is a very strong dependence of strength on pol}~er 
loading for any PIC system, the maximum strength is obtained 
with the maximum polymer loading. The effects of increasing 
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polymer content on the stress strain curve are (i) to increase 
the linear portion of the stress-strain curve; (ii) to increase 
• 
the strain at failure; (iii) to increase the strain energy 
stored by the specimen. 
4. The greater the initial strength of concrete, the greater the 
,.·: 
PIC strength, although the relative increase is greater for 
weaker concretes [3,12]. 
5. The properties of concrete-polymer materials are primarily 
controlled by the particular polymer used [12]. A number 
of possible mechanisms may be advanced to explain the role 
of the pol)~er in changing the properties of concrete. The 
extent of the changes may be determined by the ability of the 
polymer: (i) to act as a continuous, randomly oriented, 
reinforcing net work; (ii) to increase the bond between the 
aggregate and ~he cement paste; (iii) to repair microcracking 
in the cement paste; (iv) to absorb energy during deformation 
of the composite system; (v) to penetrate and reinforce the 
micropores of the cement paste; (vi) to bond with the hydrated 
or unhydrated cement. 
2. Co-Polvmer Impregnated Concrete 
The nature of the stress-strain behavior of a polymer impreg-
nated concrete is also very important. Chen and Dahl-Jorgensen [17] 
. \ have shown that it is possible to control ductility by copolymerizing 
methyl methacrylate (MMA) with n-butyl acrylate (BA). The behavior of 
the PIC's ranges from strong and brittle to weak and ductile, depending 
on the polymer composition; and on the mode of testing. 
.-·; 
·' 
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Figure 6 shows the average load-strain curves for the. splitting 
• tensile tests and the corresponding compressive stress-strain curves 
are shm..rn in Fig. 7. Clearly, the modulus of elasticity, ultimate 
strength, and energy to break of the concrete S?ecimens are dramatically 
increased by incorporation of MMA in comparison with the control speci-
mens. Further, the incorporation of BA results in less increase in · 
strength and modulus but with a considerable gain in ductility as implied 
by plastic yielding, at least for the specimen with 50% MMA and 50% BA. 
The tensile and compressive properties all tend to be decreased in 
direct proportion to the amount of BA used. 
The load-strain or stress-strain curves for the specimens 
with 100%, 90%, and 70% MMA show an almost linear relationship up to 
approximately 75% of the ultimate load. For the specimens with 70% 
MMA and 30% BA, the load-strain or the stress-strain curves show some 
' yielding (unloading) after the ultimate load has been reached. 
For 50% MMA and 50% BA, the specimens show a remarkable 
ductile behavior and specimens still carried a higher load than the 
-6 
control concrete's ultimate strength with a strain of 9000 x 10 in 
compression (Fig. 7). This is a strain three times larger than that 
reached by the control concrete at failure. 
Indeed, it was also seen that no break was found in a PIC 
containing 100% BA (not shown in Figs. 6,7); the originally rigid 
specimen simply yielded and flowed (becoming essentially a filled, 
elastomer in the process). Such 
-6 
control of energy absorption is of great importance as a structural 
material in building construction. As discussed earlier, for standard 
• PIC, though strong, is brittle and gives no warning of impending 
catastrophe before it breaks in its characteristically explosive manner. 
The following conclusions can be drawn from the study reported 
in Refs. 17, 18, 19 and 24. 
1. The brittle behavior of PIC impregnated with polymethyl 
methacrylate can be improved by various monomer combinations 
of MMA with polybutylacrylate. The higher the percentage 
of BA, the greater the ductility, but this is at the expense 
of a corrollary decrease in strength and modulus of elasticity. 
These results show that PIC material can be prepared to fit 
any specified relationship between strength and ductility, 
thus potentially providing tailored material properties to 
fit a particular service requirement as a structural material. 
2. The investigation also showed that concrete can be successfully 
impregnated with the copolymer system used. Impregnation of 
this system appeared to be just as easy to obtai~ as impregna-
tion with 100% MMA. 
3. The results proved that such a copolymer system can improve 
the ductility of the PIC. However, further research is 
necessary to determine either the optimum percentage combina-
tions of the NMA with BA concentration anda better copolymer 
system. 
·' 
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3. Fiber Reinforced Polymer Impregnated Concrete 
Another way to improve ductility of concretes is to include 
fibers in concrete. Extensive efforts are continued all over the world 
to investigate the effects of fiber reinforcement on mortars.and con-
cretes. The experiments unanimously show that fibers have their 
greatest effect in increasing both ultimate strength and ductility in 
flexure, most impressive property of fiber reinforced concrete being 
the superior resistance of the composite to crack propagation with 
consequent much higher fracture toughness [20,21]. However, the 
biggest different between fiber reinforced and co-polymer impregnated 
concrete is their behavior in compression. Unlike the ability of co-
- pol)~er combinations to increase both strength and ductility in both 
compression and tension, fibers in concretes show very little effect 
on either ductility or strength in compression_[20,22]. 
The effect is QOre pronounced on impregnation of fiber-
concrete composite with MMA (Methyl-Methacrylate) with one important 
difference. Although there is a sudden drop in load as the ultL~ate 
load is reached, unlike the shattering destruction of the polymer 
impregnated compressive specimen, inclusion of fibers tend to contain 
the explosive failure. This is quite significant and it may be desirable 
to include both polymer and fibers into concrete, the polymer to 
increase strength, durability, bond between fibers and matrix and 
protect fibers from corrosion and fibers to prevent catastrophic 
failure. Interesting results published on PIC-fiber reinforced mortars 
are shown in Fig. 6 [9]. A significant thing to observe is that tough-
ness, measured as the area under the load vs. deformation curve between 
·' 
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zero and maximum load, shows an increase of more than 50 times for fiber 
reinforced PIC mortar over plain mortar. Work done in Norway [15,16] 
shows similar improvements. • 
4. Polymer-Latex-Steel-Concrete 
To observe the effect of adding Dow latex (a fine suspension 
·of styrene butadyne co-polymer in water which coaleces to form a rubbery 
film upon drying) on plain and fiber reinforced concretes, mixes were 
prepared for plain, fiber reinforced, latex and latex fiber reinforced 
concretes as shown in Table I. Since it is easier to add latex in 
the beginning and the ability of latex to reinforce the mortar in tension 
well demonstrated [23], both split-tension and compression tests were 
run on cylindrical specimens. The average results are shown in Table V. 
Once again it can be seen that increase in strength is observed in 
tension but not in compression. However ductility increased in both 
tension and compression with each addition. The failure mode in split-
tension was unique and could not be plotted fully as the steel and latex-
steel concrete could not split apart. The load kept fluctuating in a 
shallow range near the maximum load as the cylinders were strained to 
the extent that gross deformation on 'the planar surfaces flattened the 
cylinder under strip loading. The compressive stress-strains curves 
are shown in Fig. 9. It is easy to observe fro.m the curves that latex 
has imparted more ductility than fibers. 
5. Sulfur Impregnation of Concrete and Building Materials 
Realizing the need for a cheaper substitute to polymer for 
large scale application for impregnation of building materials, efforts 
• ·-~-·"··~·· .• .,._ .,-~ -- .., ... ,. ····r.::o··· 
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were directed at our laboratory to find a suitable candidate. Sulfur 
was found to be an excellent substitute, in that it is in abundant 
supply, 20-40% cheaper than conventidhal monomers and the cost will 
go down surther as the supply of sulfur is bound to increase in future 
with environmental related disulfurization operations. Concrete 
cylinders impregnated with molten sulfur at atmospheric pressure in-
creased the strength and modulus by a factor of 2 to 3 upon maximum 
loading (25] in agreement with other researchers in this area [26;27]. 
The water absorption acid resistance and freeze-thaw properties of 
SIC were also found to be equally good or better than polymer impreg-
nated concretes [25,27]. 
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Three types of blocks and 2 types of bricks were also impreg-
nated for the first time at our laboratory [28]. The results are 
summarized in Table VI and typical stress-strain curves are shown in 
Figs. 10 and 11. An increase of 2-fold in strength and 3 fold in modulus, 
o~tained with minimum equipment and a very simple process at atmospheric 
pressure indicate the tremendous potential for extensive use of sulfur 
to increase strength and durability of building materials. 
6. Practical Applications of Polymer-Impregnated Materials 
The .development of PIC is not only theoretical but extensive 
applications have been started all over the world to remedy deficiencies 
of concrete in special applications where maximum benefits of PIC could 
be utilized. Special attention is given in the United States to 
deterioration of concrete bridge decks, with major efforts continuing 
at our laboratory, University of.Texas, Brookhaven National Laboratory 
; . 
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and Bureau of Reclamation to reinstate deteriorated. bridge decks and 
. prevent further corrosion by in-depth pol)~er impregnation and protect 
new bridge decks with shallow impregnation to provide a barrier against 
salt intrusion. Working initially with slabs in the laboratory, we 
developed the technology to dry and impregnate the slabs up to six 
inches from one surface [29]. A 12'x4' chamber was designed, based 
on the prototype slab impregnator and two adjoining 12'x4' strips on 
actual bridge deck were successfully impregnated to a depth of 4~" 
to,envelop the top layer of steel reinforcement [30] demonstrating 
a successful transfer of technology from laboratory to field. Various 
degree of success has been achieved by other agencies and recent work 
by Bureau of Reclamation on shallow impregnation of whole new 
bridge deck at one time is notable. 
The other applicationsof PIC have been in the area of impreg-
nating concrete pipes, seafloor structures, underground mine support 
systems, tunnel support and lining systems, desalinization plants, 
dome structures, fabricating ships to transport liquid natural gas, 
offshore drilling platforms, cylinders and fender piles, railroad ties, 
curbstones, pump beds, drain tiles, prefabricated elements, etc. Some 
of these have already reached the stage of production and others are 
marketed, competing ·favorably with existing systems. 
7. Conclusions and Recommendations 
General opinion in the area of PIC is that the work to date 
has indicated that remarkable improvements in the structural and dura-
bility properties of concrete and other building materials can be 
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obtained by monomer or other suitable materials like sulfur impregnation 
and in situ polymerization by either radiation or thennal catalytic 
means for polymers. However, it is quite likely that at present the 
ultimate strength for PIC has not been reached. One reason for this 
is that a complete understanding of the interrelations between concrete, 
porosity, and polymer has not been achieved. Hence, the following 
recommendations are generally made for the future p-rogram: 
1. Investigation should be made to obtain a better understanding 
of the major factors controlling the physical and mechanical 
properties of concrete-polymer materials. Important parameters 
' 
include the effect of variation of concrete composition, 
aggregate type and size, method of curing and polymer loading. 
2. Experiments should be performed to determine the effects 
produced by the addition of additives to monomer prior to 
impregnation. Additives to be tested should include fire 
retardants, wetting agents, coupling agents, plasticizers, 
and thixotropic materials. 
3. The need of realizable methods for quality control. 
4. Development of systems which will yeild optimum product 
quality and process technology at minimum cost. 
5. Formulation of code requirements for a material which can 
no longer be considered as conventional concrete. 
6. Fundamental studies on the basic nature of co-polymer materials 
should be continued to determine areas for further improvement. 
7. Investigations for materials cheaper than polymers but equally 
effective, such as sulfur should be made for wide-scale 
application. 
8. Further studies on practical applications of sulfur impreg-
nated materials should be made for optimum benefits. 
r· 
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TABLE I CONCRETE POLYMER MATERIALS--SUMMARY OF PROPERTIES OF 
METHYL-ME1~CRYLATE IMPREGNATED CONCRETE [6] 
Property 
Compressive strength, psi 
Modulus of elasticity, 106 psi 
Tensile strength, psi 
Modulus of rupture, psi 
Flexural modulus of elasticity, 
106 psi 
Abrasion, in. 
Creep for 800 psi load after 90 
days, 106 in./in. 
Hardness impact ("L" hammer) 
• 
Control 
5,267 
3.5 
416 
739 
4.3 
0.0497 
-95 
32.0 
Treated 
20,255 
.6.3 
1,627 
2,637 
6.2 
0.0163 
+34 
55.3 
TABLE II STRENGTH DUE TO DIFFERENT POLYMERS [3] 
Weight 
Improvement 
% 
285 
80 
291 
256 
44 
·-67 
Negative 
Creep 
73 
Polymer Loading, % .Compressive Strength, psi 
MMA 
Styrene 
MMA + 10% TMPTMA* 
Acrylonitrile 
Chlorostyrene 
Range 
4.2-6. 7 
4.2-6.0 
5.5-7.6 
3.2-6.0 
4. 9-6.9 
Thermal Cure 
18,200 
8,800 
19,000 
10,750 
14,400 
*TMPTMA c Trimethylolpropane trimethacrylate 
Radiation Cure 
20,300 
14,100 
21,600 
14,410 
16,100 
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TABLE III CLASSIFICATION OF CONCRETE-POLYMER MATERIALS lsJ 
Polymer Compressive Strength Benefit 
Loading DensitK Strength Weight Cost 
wtio lbs/ft lbs·/ in~ Ratio Durability Index 
1. Conventional 
Concrete 0.0 150 5,000 33 Poor 1.0 
2. Surface Coating 
Paint or Over-
lay 0.0 150 5,000 33 Limited 1.1 
3. Coating in 
Depth 1.0 150 6,000 40 G\)od L3 
4. Polymer Cement 
Concrete (Pre-
mix) 35.0 130 7,500 58 Fair 0.4 
5. Polymer Impreg-
nated Concrete 
Standard Aggregate 
a. Undried-Dipped 2.0 153 10,000 49 Fair 1.4 
b. Dried-Evaculate 
Filled 6.0 159 20,000 126 Very Good 2.0 
c. Hi-Silica Steam 
Cured 8.0 159 38,000 240 Very Good 3.0 
Lightweight 
Aggregate 
a.· Structural 
Concrete 15.0 130 25,000 193 Very Good 2.5 
b. Insulate 
Concrete 65.0 60 5,000 84 Very Good 2.5 
6. Polymer-
Concrete 
(Cement less) 6.0 150 20,000 133 Excellent 4.0 
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TABLE IV:HIX DESIGN USED FOR LATEX-FIBER CONCRETES 
Type Regular 6 Steel Fi'ber 
Item Concrete Concrete 
lbs lbs 
Sand 38.4 69.3 
Gravel1 67.6 22.6 
Cement2 23.2 27.9 
Latex3 
Antifoam B 
Steel Fibers4 7.4 
Water .12.0 15.0 
1 3/4 inch limestone 
2 Allentown portland, type I cement 
3 Dow Chemicals Latex 460 
6 Latex Latex-Steel 
Concrete Fiber Concrete 
lbs lbs 
75.5 75.5 
24.5 24.5 
33.0 33.0 
10.4 10.4 
2.1 (oz.) 2.1 (oz.) 
7.9 
10.0 10.0 
~1" steel fibers produced by U.S. Steel Corp. (slump = 
6 Entrained air = 5% 
3 to 5") 
TABLE V: COMPRESSIVE AND TENSILE STRENGTHS OF LATEX-FIBER CONCRETE 
· Type of Concrete 
Regular I 
Steel..;,Fiber II 
Latex ~'III 
Latex-Steel-Fiber 
·"'Dow Latex 460 
Compressive Strength 
(psi) 
6120 
6000 
5710 
5500 
Split-Tensile Strength 
(psi) 
630 
840 
660 
726 
--- ~ 
.. 
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TABLE VI SUHMARY OF ll1PROVEMENT IN STRENGTH AND MODULUS OF ELASTICITY 
Type 
Concrete Block 
FOR BLOCKS AND BRICKS (a) 
(Water) 
Sulfur 
Loading 
Compr.ess i ve 
Strength 
psi 
Ultimate 
Strain 
10-6 
Secant 
Modulus (b) 
106 , psi 
Control (9.68) 2675 2000 1.830 
_____ T~r~e~a~t~e~d--~~--~2~2~·~6~1~------~70~6~6~------~i~o~o~---------~6~·~22~5~-
Percent Change (c) 234 264 70 342 
Waylite Block 
Control (11.62) 2113 1760 1.563 
Treated 25.3~6 ________ ~3.520~ _________ 66_0 ________ ~5~.000 
Percent Chang-e------~2~18 167 38 320 
Cinder Block 
Control (11.66) 2186 
Treated 25.29 4446 
"'""·"""P~e-r-cent cnani~-e-·------2n--·-----··263 ___ _ 
Solid Brick 
Control 
Treated 
Percent Change 
Dartmouth Brick 
(6.19) 
13.24 
214 
11,293 
23,653 
209 
1900 1.716 
125_Q .. ______ __?2~~----
66 305 
2500 
2100 
84 
3.660 
10.280 
281 
C~ntrol (8.33) 9430 2200 4.277 
Treated 16.73 17,600 1880 9.091 ---P-er_c_e~nt-change _______ 2o-~1----------~1~8~7~--------~8~5~----------~2~1~3~---
(a) Average of 8 specimens for each type 
(b) Secant modulus measured by dividing stress by strain at ~ the ultimate 
load 
(~) Percent change = (treated/control) x 100 
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Fig. 1 Compressive Strength as a 
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Fig. 2 Tensile Strength of Polymer 
Impregnated Concrete as a Function 
of Polymer Filling 
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